12 United States Patent

Alatorre et al.

US010620839B2

US 10,620.839 B2
*Apr. 14, 2020

(10) Patent No.:
45) Date of Patent:

(54) STORAGE POOL CAPACITY
MANAGEMENT
(71)

Applicant: International Business Machines
Corporation, Armonk, NY (US)

(72) Inventors: Gabriel Alatorre, Long Beach, CA
(US); Heiko Hary Ludwig, San
Francisco, CA (US); Nagapramod S.
Mandagere, San Jose, CA (US); Yang

Song, San Jose, CA (US)

International Business Machines
Corporation, Armonk, NY (US)

(73) Assignee:

Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 1534(b) by 0 days.

Notice:

(%)

This patent 1s subject to a terminal dis-
claimer.

(21) 16/213,517

(22)

Appl. No.:
Filed: Dec. 7, 2018

Prior Publication Data

US 2019/0107955 Al Apr. 11, 2019

(65)

Related U.S. Application Data

(63) Continuation of application No. 14/675,151, filed on

Mar. 31, 2015, now Pat. No. 10,248,319.

Int. CIL.
GO6F 12/00
GO6F 3/06

U.S. CL
CPC

(51)
(2006.01)
(2006.01)
(52)
............ GO6F 3/0608 (2013.01); GOGF 3/067

(2013.01); GO6F 3/0641 (2013.01); GO6F

3/0644 (2013.01); GO6F 3/0685 (2013.01)

r-’-l'm
r

400

f-’-IED

Time Estimate
for Capacity
Viclation

Estimated

Space Saving(s)

(38) Field of Classification Search
CPC .... GO6F 3/0608; GO6F 3/0673; GO6F 3/0653;
GO6F 3/0631; GO6F 3/0644
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
7,702,873 B2 4/2010 Griess et al.
7,933,936 B2 4/2011 Aggarwal et al.
(Continued)
FOREIGN PATENT DOCUMENTS
CN 103842972 6/2014

OTHER PUBLICATTIONS

Drew, Matt, “Measuring the Performance Effects of Dynamic
Compression in IIS 7.0, Web Performance Inc., V1.0, Jan. 9, 2009.

(Continued)

Primary Examiner — David Y1
Assistant Examiner — Alan Otto

(74) Attorney, Agent, or Firm — Licberman &
Brandsdortfer, LL.C

(57) ABSTRACT

Embodiments relate to a pool of persistent storage volumes.
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corresponding storage pool capacity threshold(s). One or
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a copy of a selected volume. Such techniques include
measurement of capacity change and measurement of work-
load performance change. These measurements are lever-
aged to produce a subset of space reduction actions for
execution. A space reduction action 1n the form of compres-
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volume.
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STORAGE POOL CAPACITY
MANAGEMENT

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s a continuation patent applica-
tion claaming the benefit of U.S. patent application Ser. No.
14/6°75,151, filed on Mar. 31, 2015, and titled *“Storage Pool

Capacity Management” now pending, the entire contents of
which are hereby incorporated by reference.

BACKGROUND

The present invention relates to persistent storage capac-
ity management. More specifically, the mvention relates to
one or more processes for space savings impact analysis and
evaluation and for execution of a space saving technique.

Compression and thin provisioning are techniques used in
data centers to reduce storage capacity usage, also known as
a storage footprint, thereby making more storage available.
Storage administrators can specily whether a storage volume
1s compressed, thick, or thin, per a management policy not
only at mitial provisioning time but also during steady state
lifecycle. However, reducing storage capacity using any of
the above techniques may have a negative impact on appli-
cation performance. For example, reading from a com-
pressed storage volume requires the volume to be subject to
a de-compression technique, which requires additional pro-
cessing. At the same time, reading from a thinned volume
may also require additional processing, such as metadata
lookup prior to data access. Reading data from either a
compressed volume or a thinned volume introduces I/O
latency.

There 1s a balance between performance of data storage
techniques and application of data storage techniques. Per-
formance impacts and capacity savings are functions of a
workload and vary widely across ditfferent workload types.
For example, compressing or thinning a volume has a
mimmal benefit if there 1s ample available space 1n the
storage pool 1n which the application volume resides. As
such, storage footprint reducing techniques, such as com-
pression and thin provisioming, are desirable for application
to free up storage capacity in storage pools that are near or
have surpassed a capacity threshold.

SUMMARY

The invention includes a method, computer program
product, and system for management of one or more storage
pools containing one or more volumes with respect to
availability of storage space.

In one aspect, a method 1s provided to manage capacity of
storage volumes 1n a storage pool. Live statistics associated
with storage pool volumes operating in a first state are
maintained. A list of candidate volumes 1n a storage pool for
space reduction 1s maintained. Characteristics of the list are
directed at capacity and performance. The volumes in the list
are subject to prioritization as a function of storage growth
projection. At such time as a volume from the storage pool
1s selected, a space saving reduction action on a copy of the
selected volumes 1s performed. This action includes mea-
suring volume capacity change, measuring workload per-
formance change, and producing a subset of optimal space
reduction actions for execution. At least one action from the
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subset 1s executed on-demand, thereby converting the first
state to a second state, wherein the second state 1s either

compressed or thinned.

In another aspect, a computer program product 1s pro-
vided to manage capacity of a storage pool. The computer
program product includes a computer readable storage
device having embodied program code executable by a
processing unit. The program code processes non-com-
pressed data and maintains live statistics associated with
storage pool volumes operating 1n a first state. A list of
candidate volumes 1n a storage pool for space reduction 1s
maintained. Characteristics of the list are directed at capacity
and performance. Program code 1s provided to subject the
volumes 1n the list to prioritization as a function of storage
growth projection. At such time as a volume from the
storage pool 1s selected, the program code performs a space
saving reduction action on a copy of the selected volumes.
This action includes measuring volume capacity change,
measuring workload performance change, and producing a
subset of optimal space reduction actions for execution.
Program code performs on-demand execution of at least one
action from the subset, thereby converting the first state to
a second state, wherein the second state 1s either compressed
or thinned.

In yet another aspect, a computer system 1s provided to
manage capacity of a storage pool. The system includes a
processing unit operatively coupled to memory, and a stor-
age pool with two or more storage volumes, operatively
coupled to the processing unit. A management tool is pro-
vided 1n commumcation with the processing unit to manage
capacity of the storage pool. The tool maintains statistics
associated with storage pool volumes operating 1 a {first
state, the statistic including capacity and performance. The
volumes 1n the list are subject to prioritization as a function
of storage growth projection. At such time as a volume from
the storage pool 1s selected, a space saving reduction action
on a copy of the selected volumes 1s performed. This action
includes measuring volume capacity change, measuring
workload performance change, and producing a subset of
optimal space reduction actions for execution. At least one
action from the subset 1s executed on-demand, thereby
converting the first state to a second state, wherein the
second state 1s either compressed or thinned.

These and other features and advantages will become
apparent ifrom the following detailed description of the
presently preferred embodiment(s), taken i1n conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The drawings referenced herein form a part of the speci-
fication. Features shown in the drawings are meant as
illustrative of only some embodiments of the invention, and
not of all embodiments of the mvention unless otherwise
explicitly indicated.

FIG. 1 depicts a flow chart 1llustrating an overview of the
decoupling process.

FIG. 2 depicts a flow chart illustrating a process for
estimating space savings.

FIG. 3 depicts a flow chart illustrating a process for
predicting a storage threshold violation.

FIG. 4 depicts a flow chart illustrating managing storage
capacity.

FIG. 5 depicts a block diagram 1llustrating components of
a storage pool capacity management system.

FIG. 6 depicts an example of a cloud computing node.
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FIG. 7 depicts a cloud computing environment.
FIG. 8 depicts a set of functional abstraction layers
provided by the cloud computing environment.

DETAILED DESCRIPTION

It will be readily understood that the components of the
present invention, as generally described and 1illustrated in
the Figures herein, may be arranged and designed 1n a wide
variety of different configurations. Thus, the following
detailed description of the embodiments of the apparatus,
system, and method of the present invention, as presented 1n
the Figures, 1s not intended to limit the scope of the
invention, as claimed, but 1s merely representative of
selected embodiments of the mnvention.

Reference throughout this specification to “a select
embodiment,” “one embodiment,” or “an embodiment”
means that a particular feature, structure, or characteristic
described 1n connection with the embodiment 1s included 1n
at least one embodiment of the present invention. Thus,
appearances ol the phrases “a select embodiment,” “in one
embodiment,” or “in an embodiment” in various places
throughout this specification are not necessarily referring to
the same embodiment.

The 1llustrated embodiments of the invention will be best
understood by reference to the drawings, wherein like parts
are designated by like numerals throughout. The following
description 1s intended only by way of example, and simply
illustrates certain selected embodiments of devices, systems,
and processes that are consistent with the invention as
claimed herein.

There are two primary components to the management of
storage volumes, including identification and reclamation.
Identification pertains to estimating space savings and per-
formance 1mpact associated with a storage footprint reduc-
tion technique. Reclamation pertains to delaying the action
of the storage footprint reduction technique until certain
criteria are met. Accordingly, these two aspects, mncluding
identification and reclamation, are decoupled until such time
as the storage savings has been deemed beneficial or nec-
essary.

As discussed above, a data center 1s configured with two
or more storage pools. One or more applications may
execute applications with associated data supported by vol-
umes that reside 1n one or more of these pools. To create
storage space in the associated storage pools, compression
and/or thin provisioning, also referred to herein as thinning,
techniques may be applied on one or more volumes residing,
in these pools. Application of compressing or thinning on all
possible volumes in these pools can be impractical 1n large
scale systems both with respect to a time requirement and
any resulting performance overhead.

With reference to FIG. 1, a flow chart (100) 1s provided
illustrating an overview of the decoupling process. A simi-
larity based sampling approach 1s employed to mitigate time
and performance overhead associated with application of
thinning and compression on all possible volumes. As such,
the storage volumes in the data center are clustered based on
similarity (102). In one embodiment, volumes may be
deemed similar 11 they map to the same application, since 1t
increases the likelihood that they store similar types of data.
In one embodiment, volumes may be deemed similar 11 they
exhibit similar random or sequential read and write 1/O
proportions or properties. For example, two volumes with
predominantly random write I/O may be seen as similar. In
one embodiment, the Pearson correlation coeflicient

between the I/0 proportions of two or more volumes may be
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4

employed as a similarity value. Accordingly, using correla-
tion values, volumes can be grouped 1n a desired number of
clusters.

By clustering the volumes, as described above, a subset of
volumes in each cluster may be selected for evaluation of
compression and thinning. Space savings and performance
impact values obtained from the selected volumes 1n each
cluster may be used to estimate similar characteristics for the
remaining volumes in the cluster, and 1n one embodiment
may function as guidance for future sampling. The variable
Y ..., 15 assigning to the quantity of clusters of volumes
formed (104), and an associated cluster counting variable, Y,
1s 1nitialized (106). For each cluster, a minimum of one
volume 1s employed for evaluation. The variable X, . 1s
assigned to the quantity within a subset of volumes selected
for evaluation 1n cluster, (108), and an associated volume
counting variable, X, 1s mitialized (110). Compression or
thinning 1s applied to a copy of volume,-1n cluster;-(112) and
an associated workload 1s assigned to the compressed or
thinned copie(s) (114). To understand the implications of
processing with data that has been compressed or thinned,
both space saving data from the compression or thinming 1s
obtained (116) and performance impact data associated with
the switch from a non-space reducing state to a space
reducing state, such as compressed or thinned copy, i1s
obtained (118). Data obtained at steps (116) and (118) are
stored 1n an associated knowledge base (120). In one
embodiment, the knowledge base may be local to the data
center 1n a volume that 1s not subject to thinning or com-
pression, or the knowledge base may be external to the data
center. In one embodiment, capacity data associated with the
space saving data 1s stored at a first location and the
performance 1mpact data 1s stored at a second location. The
first and second location may be the same locations or
different locations. Accordingly, both space saving data and
performance data associated with the compressed or thinned
volume 1s acquired.

Following step (120), the volume counting variable 1s
incremented (122), followed by determining 11 there are any
other volumes 1n the cluster that are designated for evalu-
ation (124). As described above, a minimum of one copy of
a volume in each cluster 1s thinned or compressed and
associated performance and space saving data 1s acquired to
ascertain the implications of compression or thinning for the
cluster. In other words, the thinned or compressed copy 1s
representative of the cluster. IT at step (124) it 1s determined
that there 1s volume(s) in the same cluster, cluster,, desig-
nated for evaluation, then the process returns to step (112).
However, 1t at step (124) it 1s determined that all of the
volumes 1n the cluster subject to or designated for evaluation
have been processed, then the cluster counting variable 1s
incremented (126). As described above, the volumes are
separated into clusters, with a minimum of one cluster.
Following step (126), it 1s determined if all of the clusters,
and specifically, all of the volumes designated for evaluation
in each of the clusters, have been processed (128). A
negative response to the determination at step (128) 1s
followed by a return to step (110) for processing of any
designated volumes 1n the next cluster. However, a positive
response to the determination at step (128) concludes the
processing ol volumes.

The process of evaluating storage volumes is repeated
periodically for various reasons, including but not limited to,
changes in workload, changes 1n the data center, etc. Simi-
larly, in one embodiment, the process shown and described
in FIG. 1 functions as a background process that 1s repeated
on a periodic basis so that the data in the knowledge base 1s
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current. In one embodiment, the process shown and
described 1n FIG. 1 may be activated by an administrator 1n
the event that current data for the knowledge base 1s required
or desired. Accordingly, the process shown and described 1n
FIG. 1 provides performance impact data and space saving
data representative of the volumes.

The process shown and described in FIG. 1 may be
referred to as a background process. The evaluation 1s
performed on copies of the selected volumes, and does not
allect performance on the volume 1tself. In one embodiment,
the data continues to be processed on the non-compressed or
non-thinned volumes, while the background process per-
forms the same application execution on the compressed or
thinned copies as a sampling technique. The space saving
and performance 1mpact data that takes place 1n the back-
ground 1s acquired so that in the event a space saving
technique 1s required, an educated decision may determine
which volumes and/or clusters may be compressed or
thinned with minimum i1mpact on performance.

Referring to FIG. 2, a flow chart (200) i1s provided
illustrating a process for estimating space savings. At any
given point-in-time, space savings from compression or
thinning a volume copy can be estimated using temporal
measurements stored 1n the knowledge base. Data stored in
the volumes of a data center 1s dynamic i1n that data
continues to be read or written to the subject volumes as
applications are processed. As shown and described 1n FIG.
1, data in the knowledge base 1s acquired from the back-
ground process (210). At the same time, there 1s live capacity
usage and access statistics associated with the volumes in
the data center (220). The live data pertains to changes
associated with the storage volumes since a prior population
of the knowledge base from the background process. Such
live data includes, but 1s not limited to, a quantity of read and
write requests, a quantity of data delete requests, etc. In one
embodiment, one or more counters are employed to track the
live usage data between executions of the background
process. Data from the knowledge base at step (210) and
from the live statistics at step (220) are received as mput to
a projection model (230). More specifically, the input data
are employed by the projection model to ascertain how
much data 1n one or more volumes of the data center has
been subject to change since the prior estimate. In one
embodiment, a linear regression model 1s employed to
estimate growth projection at step (230). In one embodi-
ment, I/0 access patterns, experienced by one or more
volumes between measurements found in the knowledge
base and current time, are used to predict a change in space
savings since the last measurement. Following the projec-
tion at step (230), a priority score 1s assigned to each volume
in the data center subject to evaluation (240). In one embodi-
ment, the volumes may be sorted based on the associated
priority scores, which may then be used to efliciently iden-
tify one or more volumes for compression or thinning.
Accordingly, the estimation process shown herein employs
static and dynamic storage data to categorize one or more
volumes for a potential space saving technique.

It 1s important to ensure that pools do not exceed their
capacity. In one embodiment, a storage threshold 1s set to a
value lower than the actual capacity to ensure that capacity
1s not exceeded. For example, 1n one embodiment, a space
savings technique, such as compression or thinning takes
place when the associated storage pool 1s operating at 80%
capacity. Referring to FIG. 3, a tlow chart (300) 1s provided
illustrating a process for predicting a storage threshold
violation. As shown, input for the violation prediction comes
in at least three forms of data, including but not limited to,
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expected new storage allocations (310), storage pool capac-
ity usage threshold(s) (320), and capacity usage growth
(330). In one embodiment, the expected allocations at step
(310) are provided by an administrator or it 1s predicted
based on allocation history. In one embodiment, the capacity
at step (320) 1s a fixed value based on the size of the
associated storage volume(s), although in one embodiment,
this value may be subject to change based on data transier
and/or compression or thinning. In one embodiment, the
capacity usage growth (330) pertains to fluctuations in the
range of storage pool usage. For example, if a volume has
been added or removed from the pool. Data from (310),
(320), and (330) are received as input for predicting a time
for violation of the storage pool capacity (340). Output (350)
from the prediction step (340) 1s generated 1n the form of
storage pool and time until threshold violation. More spe-
cifically, the wviolation prediction at step (340) provides
output data (350) 1n the form of a time estimate at which the
capacity will be exceeded. In one embodiment, the time
estimate may be on a per volume basis, a cluster of volumes
basis, or a storage pool basis. Accordingly, the process
shown and described herein 1s employed to predict a time
threshold violation based on a plurality of factors, including
accommodating for fluctuations in usage.

One of the goals of creation, maintenance, and utilization
of the knowledge base 1s to predict and ensure that storage
volume thresholds are not violated. Referring to FIG. 4, a
flow chart (400) 1s provided illustrating managing storage
capacity. Four elements are employed as input data for
minimizing performance degradation associated with stor-
age volume management, also referred to as optimization.
Input for the optimization includes, the time estimate for
capacity violation (410), as shown and described in FIG. 3,
the estimated space saving(s) (420), as shown and described
in FIG. 2, acceptable pool thresholds (430), and admainis-
trator management policies (440). The pool thresholds (430)
may be static values, or 1n one embodiment, a dynamic
value. In one embodiment, the policies at step (440) pertain
to guidance on compression or thinning, as each of these
forms of space savings are different and may have variances
on 1mpact. In one embodiment, the space savings at step
(420) may be different depending on the technique
employed. Data from steps (410)-(440) are subject to opti-
mization (450) for minimizing performance degradation.
Output from the optimization (460) includes a prioritized list
of all storage footprint reducing actions that can be taken for
cach storage pool. As shown herein, three storage pools
(462), (464), and (466) arc shown sorted based on prioriti-
zation for footprint reduction. In one embodiment, each
storage pool’s volume has an action list that is sorted based
on priority. For example, the sorting may be based on the
product of volume space savings and I/O latency increase. In
one embodiment, the sorting 1s conducted 1n an order that
executes one or more actions that generate savings from the
greatest quantity of savings to the least quantity of savings.
In one embodiment, the sorting of the action list brings
elliciency 1nto the volume selection process, wherein the list
exhibits a prioritization of the volumes. Accordingly, output
from the optimization orders the storage pools under imves-
tigation.

As shown, the optimization at step (460) filters actions
based on feasibility of completion, which 1n one embodi-
ment uses a model for a projected completion time for space
reductions. Specifically, 1t the space reduction cannot take
place 1n the time required, there may be a space violation.
Projection of the completion time may aflect the sorting of

the list of storage pools (462), (464), and (466). In one
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embodiment, the quantity of storage pools in the list may
vary, and as such, the quantity shown and described herein
1s merely an example and should not be considered limiting.
Following output from the optimization at step (460), one or
more volume storage reducing actions are executed for each
designated storage pool. More specifically, the variable
N . . 1s assigned to the quantity of storage pools in the
ordered output list (470), and an associated storage pool
counting variable, N, 1s mitialized (472). The storage reduc-
ing action(s) 1s executed on storage pool,, (474). It 1s then
determined if an acceptable storage pool usage threshold 1s
reached so that no further action 1s required at this point-
in-time (476). A negative response to the determination at
step (476) 1s followed by incremented the storage pool
counting variable (478) and a return to step (474). However,
a positive response to the determination at step (476) con-
cludes the storage pool reduction actions (480). In one
embodiment, storage reduction actions for the pool with the
smallest time to threshold violation are executed first, fol-
lowed by the next smallest time to threshold violation, etc.
Accordingly, the footprint of available storage space 1s
managed in a methodical manner to eflectively and efli-
ciently enable continued storage of data with minimal
impact on storage performance.

The processes shown and described 1n FIGS. 1-4 illustrate
decoupling estimation and 1dentification of storage footprint
reduction and actual reclamation of storage space. This
decoupling introduces a model based approach to address
the dynamic characteristics of data storage. More specifi-
cally, capacity savings are attained in persistent storage
medium through capacity reducing optimizations, such as
thinning and compression.

Referring to FIG. 5, a block diagram (500) 1s provided
illustrating components of a storage pool capacity manage-
ment system. As shown, a processing node (510) 1s shown
in communication with a data center (350). The processing
node (510) 1s provided with a processor (512), also referred
to herein as a processing unit, operatively coupled to
memory (516) across a bus (514). The processing node (510)
1s further provided in commumcation with other nodes
(520), which are each in communication with persistent
storage maintained 1n the data center (550). Processing node
(510) 1s responsible for the storage and maintenance of data
in the data center (550). More specifically, node (510) 1s
provided with one or more tools to support storage pool
capacity management based on de-coupling capacity esti-
mation from capacity saving execution. As shown herein,

and described 1n detail below, the tools embody an adaptive
system comprised of two modules, including a decouple
module (530) and a selection module (540). The decouple
module (530) functions to estimate capacity savings from
one or more space reduction actions. The selection module
(540) functions to dynamically select and execute a subset of
the space reduction actions based on predicted threshold
violations.

As shown, the data center (550) 1s configured with a
plurality of persistent storage volumes (552), (554), (556),
(558), and (560). Although only five volumes are shown and
described, this quantity should not be considered limiting. In
one embodiment, the data center (550) includes a controller
(570) to facilitate management of the storage volumes. As
shown, the storage controller (370) 1s shown with a proces-
sor (572) operatively coupled to memory (576) via a bus
(574). The controller (570) 1s 1n communication with the
modules (530) and (540). More specifically, management
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control 1s communicated to the controller via the modules to
facilitate execution of any management actions on the
storage volumes.

The decouple module (530) functions to separate the
estimation of capacity savings associated with one or more
space reduction actions from actual execution of these
actions. In the separation process, the decouple module
(530) employs a similarity based sampling approach so that
volumes 1n the data center (550) may be placed into groups,
also referred to as clusters based on similarity, such as
volumes that map to the same application, exhibit similar
random and sequential read and write I/O proportions, etc.
For example, as shown herein, volumes (552) and (554) are
placed 1n a first group, group, (580), and volumes (556),
(558), and (560) are placed 1n a second group, group; (582).
Although only two groups are shown, this quantity 1s an
example and should not be considered limiting. At the same
time, the grouping of volumes 1s not static, and 1s subject to
change. Data obtained from analysis of one or more volumes
in a cluster may be extrapolated to other volumes in the
cluster, but upon the similarity protocol. Accordingly, analy-
si1s may be limited to a subset of volumes in any given
cluster.

As shown 1in FIG. 5, one or more volumes 1n a cluster are
selected for analysis associated with capacity management.
The decouple module (530) i1s responsible for capacity
management, and more specifically, for performing a space
reduction action on at least one selected volume 1n a cluster
and a study associated with eflects on the storage system and
storage performance associated with the space reduction.
More specifically, the decouple module measures capacity
savings associated with the space reduction, switches an
associated workload to a copy of the reduced volume,
measures performance from the switched workload, records
any performance degradation, and then removes the reduc-
tion so that the system may revert back to a prior state. Data
gathered and associated from the decouple module (530)
enables predictions associated with storage capacity man-
agement to be made and executed with careful consider-
ation. The predictions may be converted to actions to ensure
available capacity for data storage. Based upon the similar-
ity between various clusters of volumes, the decouple mod-
ule (530) may infer capacity savings and performance
degradation for a cluster or volume 1n the clusters based on
measurements acquired from the volume in the cluster that
was subject to thinning or compression.

Storage capacity threshold 1s an important factor that 1s
managed so that there 1s suflicient storage space to manage
data processing. In one embodiment, the threshold relates to
a percentage of space remaining 1n a storage volume. Any
time a volume 1s compressed or thinned there will be a
negative eflect on performance. The goal 1s to compress or
thin one or more volumes when required. As such, there 1s
a balancing act that 1s performed between the decouple
module (530) and the selection module (540), with the
decouple module (530) running in the background and the
selection module (540) running in the foreground. The
selection module (540) selects one or more volumes from
the storage pool for compression or thinning based on a
predicted capacity threshold violation. In one embodiment,
the decouple module (530) creates and maintains a list (590)
of candidate volumes 1n each pool for space reduction. The
list (390) corresponds to capacity savings and performance
measurements. In one embodiment, the list (390) 1s sorted
and a prionity 1s assigned to select volumes in the list (590).
The selection of storage volumes and execution by the
selection module (540) takes place on-demand. In one
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embodiment, the selection module (540) conducts their
selection based on the sorted list (§890). The list (590) 1s
shown embedded 1n memory (516), although 1n one embodi-
ment, the list (§890) may be stored local to the data center
(550) of local to the controller (570).

The volumes 1n the storage pool may be a static quantity.
Although 1n one embodiment, volumes may be added or
removed from the storage pool. Commumication with the
volumes 1s ongoing. One or more processing nodes com-
municate with the storage pool to support application pro-
cessing that requires read and/or write operations to one or
more storage volumes. The flow of communications
between the processing node(s) and the storage pool 1s
referred to as I/O. In one embodiment, an I/O pattern may be
visualized between the processing node(s) and associated
storage volumes. The decouple module (530) may utilize the
I/0 pattern to predict a change 1n space savings and usage
since a prior measurement of a volume 1n the cluster. More
specifically, the decouple module (530) may update the
measurements, thereby creating measured data associated
with the volumes after the estimation, with the measured
data associated with the update based on the I/O pattern. In
one embodiment, the update of the measurements includes
an invalidation of any prior measurements. Accordingly,
measurement data from sampling volumes and assessing
storage capacity may be updated based upon actual access
patterns for the volumes.

The system described 1n FIG. S5 has been labeled with
tools 1n the form of modules (530) and (540). The tools may
be implemented in programmable hardware devices such as
field programmable gate arrays, programmable array logic,
programmable logic devices, or the like. The tools may also
be implemented in software for execution by various types
of processors. An identified functional unit of executable
code may, for instance, comprise one or more physical or
logical blocks of computer instructions which may, for
instance, be organized as an object, procedure, function, or
other construct. Nevertheless, the executable of the tools
need not be physically located together, but may comprise
disparate instructions stored in different locations which,
when joined logically together, comprise the tools and
achieve the stated purpose of the tool.

Indeed, executable code could be a single instruction, or
many 1instructions, and may even be distributed over several
different code segments, among different applications, and
across several memory devices. Similarly, operational data
may be 1dentified and illustrated herein within the tool, and
may be embodied in any suitable form and organized within
any suitable type of data structure. The operational data may
be collected as a single data set, or may be distributed over
different locations including over diflerent storage devices,
and may exist, at least partially, as electronic signals on a
system or network.

Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner 1n one
or more embodiments. In the following description, numer-
ous speciific details are provided, such as examples of agents,
to provide a thorough understanding of embodiments. One
skilled 1n the relevant art will recognize, however, that the
embodiment(s) can be practiced without one or more of the
specific details, or with other methods, components, mate-
rials, etc. In other instances, well-known structures, mate-
rials, or operations are not shown or described 1n detail to
avoid obscuring aspects of the embodiment(s).

The tools shown and described herein support manage-
ment of storage volume capacity in a pool of multiple
storage volumes, and adaptively selecting one or more
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volumes for space reductions based on a predicted threshold
violation. As described above, the ramifications associated
with space reduction 1s performed as a background operation
so that the volumes and associated clusters may be ranked
and sorted, and the selection of a volume for space reduction
1s based on the ranking and sorting. In one embodiment, the
ranking and sorting i1s on a per volume basis, and in one
embodiment it 1s expanded to include ranking and sorting
the clusters 1n which the volumes are organized. Similarly,
in one embodiment, the functionality and support of the
capacity management and selection of volumes for space
reduction in support of the management may be extrapolated
to a cloud computing environment with a shared pool of
resources.

A cloud computing environment 1s service oriented with
a focus on statelessness, low coupling, modulanty, and
semantic interoperability. At the heart of cloud computing 1s
an infrastructure comprising a network of interconnected
nodes. Referring now to FIG. 6, a schematic of an example
of a cloud computing node 1s shown. Cloud computing node
(610) 1s only one example of a suitable cloud computing
node and 1s not intended to suggest any limitation as to the
scope ol use or functionality of embodiments described
herein. Regardless, cloud computing node (610) 1s capable
of being implemented and/or performing any of the func-
tionality set forth hereinabove. In cloud computing node
(610) there 1s a computer system/server (612), which 1s
operational with numerous other general purpose or special
purpose computing system environments or configurations.
Examples of well-known computing systems, environments,
and/or configurations that may be sutable for use with
computer system/server (612) include, but are not limaited to,
personal computer systems, server computer systems, thin
clients, thick clients, hand-held or laptop devices, multipro-
cessor systems, microprocessor-based systems, set top
boxes, programmable consumer electronics, network PCs,
minicomputer systems, mainirame computer systems, and
distributed cloud computing environments that include any
of the above systems or devices, and the like.

Computer system/server (612) may be described in the
general context of computer system-executable 1nstructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server (612) may be
practiced in distributed cloud computing environments
where tasks are performed by remote processing devices that
are linked through a communications network. In a distrib-
uted cloud computing environment, program modules may
be located 1n both local and remote computer system storage
media including memory storage devices.

As shown i FIG. 6, computer system/server (612) 1n
cloud computing node (610) 1s shown in the form of a
general-purpose computing device. The components of
computer system/server (612) may include, but are not
limited to, one or more processors or processing units (616),
system memory (628), and a bus (618) that couples various
system components including system memory (628) to
processor (616). Bus (618) represents one or more of any of
several types of bus structures, including a memory bus or
memory controller, a peripheral bus, an accelerated graphics
port, and a processor or local bus using any of a variety of
bus architectures. By way of example, and not limitation,

such architectures include an Industry Standard Architecture
(ISA) bus, a Micro Channel Architecture (MCA) bus, an

Enhanced ISA (EISA) bus, Video Electronics Standards
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Association (VESA) local bus, and a Peripheral Component
Interconnects (PCI) bus. A computer system/server (612)
typically includes a variety of computer system readable
media. Such media may be any available media that 1s
accessible by a computer system/server (612), and 1t
includes both volatile and non-volatile media, and remov-
able and non-removable media.

System memory (628) can include computer system read-
able media 1n the form of volatile memory, such as random
access memory (RAM) (630) and/or cache memory (632).
Computer system/server (612) may further include other
removable/non-removable, volatile/non-volatile computer
system storage media. By way of example only, storage
system (634) can be provided for reading from and writing
to a non-removable, non-volatile magnetic media (not
shown and typically called a “hard drive”). Although not
shown, a magnetic disk drive for reading from and writing
to a removable, non-volatile magnetic disk (e.g., a “floppy
disk™), and an optical disk drive for reading from or writing
to a removable, non-volatile optical disk such as a CD-
ROM, DVD-ROM or other optical media can be provided.
In such 1nstances, each can be connected to bus (618) by one
or more data media interfaces. As will be further depicted
and described below, memory (628) may include at least one
program product having a set (e.g., at least one) of program
modules that are configured to carry out the functions of the
embodiment(s).

Program/utility (640), having a set (at least one) of
program modules (642), may be stored 1n memory (628) by
way of example, and not limitation, as well as an operating
system, one or more application programs, other program
modules, and program data. Each of the operating systems,
one or more application programs, other program modules,
and program data or some combination thereof, may include
an 1mplementation of a networking environment. Program
modules (642) generally carry out the functions and/or
methodologies of embodiments as described herein.

Computer system/server (612) may also communicate
with one or more external devices (614 ), such as a keyboard,
a pointing device, a display (624), etc.; one or more devices
that enable a user to interact with computer system/server
(612); and/or any devices (e.g., network card, modem, etc.)
that enables computer system/server (612) to communicate
with one or more other computing devices. Such commu-
nication can occur via Input/Output (I/0O) interfaces (622).
Still yet, computer system/server (612) can communicate
with one or more networks such as a local area network
(LAN), a general wide area network (WAN), and/or a public
network (e.g., the Internet) via network adapter (620). As
depicted, network adapter (620) communicates with the
other components of computer system/server (612) via bus
(618). It should be understood that although not shown,
other hardware and/or software components could be used 1n
conjunction with computer system/server (612). Examples,
include, but are not limited to: microcode, device drivers,
redundant processing units, external disk drive arrays, RAID
systems, tape drives, and data archival storage systems, efc.

Referring now to FIG. 7, illustrative cloud computing
environment (750) 1s depicted. As shown, cloud computing
environment (750) comprises one or more cloud computing
nodes (710) with which local computing devices used by
cloud consumers, such as, for example, personal digital
assistant (PDA) or cellular telephone (754 A), desktop com-
puter (754B), laptop computer (754C), and/or automobile
computer system (754N) may communicate. Nodes (710)
may communicate with one another. They may be grouped
(not shown) physically or virtually, in one or more networks,
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such as Private, Community, Public, or Hybrid clouds as
described hereinabove, or a combination thereof. This
allows cloud computing environment (750) to offer infra-
structure, platforms, and/or software as services for which a
cloud consumer does not need to maintain resources on a
local computing device. It 1s understood that the types of
computing devices (754A)-(754N) shown i FIG. 7 are
intended to be illustrative only and that computing nodes
(710) and cloud computing environment (750) can commu-
nicate with any type of computerized device over any type
of network and/or network addressable connection (e.g.,
using a web browser).

Referring now to FIG. 8, a set of functional abstraction
layers provided by cloud computing environment (800) 1s
shown. It should be understood 1n advance that the compo-
nents, layers, and functions shown in FIG. 8 are intended to
be illustrative only and embodiments are not limited thereto.
As depicted, the following layers and corresponding func-
tions are provided: hardware and software layer (810),
virtualization layer (820), management layer (830), and
workload layer (840). The hardware and software layer
(810) 1includes hardware and solftware components.
Examples of hardware components include mainirames, n
one example IBM® zSeries® systems; RISC (Reduced
Instruction Set Computer) architecture based servers, 1n one
example IBM pSeries® systems; IBM xSeries® systems;
IBM BladeCenter® systems; storage devices; networks and
networking components. Examples of software components
include network application server software, 1in one example
IBM WebSphere® application server software; and database
soltware, 1n one example IBM DB2® database software.
(IBM, zSeries, pSeries, xSeries, BladeCenter, WebSphere,
and DB2 are trademarks of International Business Machines
Corporation registered 1 many jurisdictions worldwide).

Virtualization layer (820) provides an abstraction layer
from which the following examples of virtual entities may
be provided: virtual servers; virtual storage; virtual net-
works, including virtual private networks; virtual applica-
tions and operating systems; and virtual clients. In one
example, a management layer (830) may provide the fol-
lowing functions: resource provisioning, metering and pric-
ing, user portal, service level management, and key man-
agement. The functions are described below. Resource
provisioning provides dynamic procurement of computing
resources and other resources that are utilized to perform
tasks within the cloud computing environment. Metering
and pricing provides cost tracking as resources that are
utilized within the cloud computing environment, and bill-
ing or invoicing for consumption of these resources. In one
example, these resources may comprise application software
licenses. Security provides identity verification for cloud
consumers and tasks, as well as protection for data and other
resources. User portal provides access to the cloud comput-
ing environment for consumers and system administrators.

Workloads layer (840) provides examples of functionality
for which the cloud computing environment may be utilized.
In the shared pool of configurable computer resources
described herein, hereinatter referred to as a cloud comput-
ing environment, {iles may be shared among users within
multiple data centers, also referred to herein as data sites.
Accordingly, a series of mechanisms are provided within the
shared pool to support organization and management of data
storage within the cloud computing environment.

The processes shown and described herein address com-
ponents that function to manage storage pool capacity.
Specifically, there 1s the background process to obtain accu-
rate estimates by actually compressing or thinning at least
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one volume per pool and acquiring data associated with
transactions on the compressed or thinning volume(s). The
acquired data 1s then employed to estimate behavior of other
volumes 1n the same pool. The foreground process employs
the background data to address capacity saving execution.
The background and foreground processes decouple estima-
tion from actual reclamation.

The present invention as shown and described 1n details in
the figures may be a system, a method, and/or a computer
program product. The computer program product may
include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects ol the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
istruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
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remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program 1nstructions by utilizing state information
of the computer readable program instructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present 1nvention.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowcharts and/or block diagram block or blocks.
These computer readable program 1nstructions may also be
stored 1n a computer readable storage medium that can direct
a computer, a programmable data processing apparatus,
and/or other devices to function 1n a particular manner, such
that the computer readable storage medium having nstruc-
tions stored therein comprises an article of manufacture
including mstructions which implement aspects of the func-
tions/acts specified 1n the flowcharts and/or block diagram
block or blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the mnstructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified 1n the flow-
charts and/or block diagram block or blocks.

The flowcharts and block diagrams in the Figures 1llus-
trate the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the tlow-
charts or block diagrams may represent a module, segment,
or portion of instructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, i fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality mvolved. It will also be
noted that each block of the block diagrams and/or flowchart
illustrations, and combinations of blocks in the block dia-
grams and/or flowchart i1llustrations, can be implemented by
special purpose hardware-based systems that perform the
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specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” when used 1n this specification, specily the
presence ol stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements i1n the
claims below are intended to include any structure, material,
or act for performing the function 1n combination with other
claimed elements as specifically claimed. The description of
the present mvention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the mnvention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the mmvention. The embodiment was chosen and
described 1n order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill 1n the art to understand the invention for
vartous embodiments with various modifications as are
suited to the particular use contemplated. Accordingly, the
implementation of the background process enables the stor-
age volumes to continue supporting applications, while
capacity management functions to ensure availability of
suilicient storage space.

It will be appreciated that, although specific embodiments
of the invention have been described herein for purposes of
illustration, various modifications may be made without
departing from the spirit and scope of the mmvention. Accord-
ingly, the scope of protection of this invention 1s limited only
by the following claims and their equivalents.

What 1s claimed 1s:
1. A computer implemented method for managing capac-
ity of a storage pool comprising;:
processing non-compressed data and maintaining live
usage statistics associated with volumes 1n the storage
pool operating at a first state;
maintaiming a list of candidate volumes in each storage
pool for space reduction, the list associated with cor-
responding capacity savings and performance measure-
ments;
prioritizing volumes for each storage pool 1n the list as a
function of storage growth projection;
selecting a volume from the storage pool, and performing
a first space reduction action on a copy of the selected
volume, including:
measuring a capacity change associated with the
selected volume;
measuring performance change from a workload on the
selected volume; and
producing a subset of optimal space reduction actions
for execution, the actions based on the recorded
capacity and performance change data; and
on-demand, executing at least one action from the pro-
duced subset of optimal space reduction actions on a
corresponding volume 1n the storage pool 1n the first
state, the execution selectively converting one or more
non-compressed volumes in the storage pool to a
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second state, wherein the second state 1s selected from
the group consisting of: compressed and thinned.

2. The method of claim 1, further comprising periodically
evaluating storage volume and storage performance mea-
surements as a background process.

3. The method of claim 1, further comprising predicting,
a storage threshold violation, including storage pool and
time until threshold violation.

4. The method of claim 3, wherein the storage threshold
violation prediction includes a time estimate of storage pool
capacity, and wherein the estimate 1s on a basis selected
from the group consisting of volume, cluster of volumes,
and storage pool.

5. The method of claim 1, further comprising inferring
capacity saving and performance degradation for a non-
selected volume 1n the pool, wherein the inference 1s based
on the measurements from the selected volume.

6. The method of claim 1, further comprising predicting
a change in space saving since a prior measurement, the
prediction employing an I/O access pattern observed for
cach volume.

7. A computer program product for managing capacity of
a storage pool, the computer program product comprising a
computer readable storage device having program code
embodied therewith, the program code executable by a
processing unit to:

process non-compressed data and maintaining live usage

statistics associated with volumes 1n the storage pool
operating at a {irst state;

maintain a list of candidate volumes 1n each storage pool

for space reduction, the list associated with correspond-
ing capacity savings and performance measurements;

prioritize volumes for each storage pool 1n the list as a

function of storage growth projection;

select a volume from the storage pool and perform a first

space reduction action on a copy of the selected vol-

ume, including:

measure a capacity change associated with the selected
volume, and record capacity change data in a first
location;

measure performance change from a switched work-
load on the selected volume, and record performance
change data 1n a second location; and

produce a subset of optimal space reduction actions for
execution, the actions based on the recorded capacity
and performance change data; and

on-demand, execute at least one action from the produced

subset of optimal space reduction actions on a corre-
sponding volume in the storage pool in the first state,
the execution to selectively convert one or more non-
compressed volumes in the storage pool to a second
state, wherein the second state 1s selected from the
group consisting of: compressed and thinned.

8. The computer program product of claim 7, further
comprising program code to periodically evaluate storage
volume and storage performance measurements as a back-
ground process.

9. The computer program product of claim 7, further
comprising program code to predict a storage threshold
violation, including storage pool and time until threshold
violation.

10. The computer program product of claim 9, wherein
the storage threshold violation prediction includes a time
estimate of storage pool capacity, and wherein the estimate
1s on a basis selected from the group consisting of volume,
cluster of volumes, and storage pool.
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11. The computer program code of claim 7, further
comprising program code to infer capacity saving and
performance degradation for a non-selected volume 1n the
pool, wherein the inference 1s based on the measurements
from the selected volume.

12. The computer program code of claim 7, further
comprising program code to:

predict a change 1n space saving since a prior measure-
ment, the prediction employing an I/O access pattern
observed for each volume; and

periodically update the measurements, including nvali-
dating any prior measurement data.

13. A computer system comprising:

a processing unit operatively coupled to memory;

a storage pool, having two or more storage volumes,
operatively coupled to the processing unit, wherein
non-compressed data 1s processed and live usage sta-
tistics associated with the volumes in the storage pool
operating at a first state 1s maintained;

a tool 1 communication with the processing unit to
manage capacity of the storage pool, including the tool
to:
maintain a list of candidate volumes in each storage

pool for space reduction, the list associated with
corresponding capacity savings and performance
measurements;
prioritize volumes for each storage pool 1n the list as a
function of storage growth projection;
select a volume from the storage pool, and perform a
first space reduction action on a copy of the selected
volume, including:
measure a capacity change associated with the
selected volume, and record capacity change data
in a first location;
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measure performance change from a workload on the
selected volume, and record performance change
data 1n a second location; and

produce a subset of optimal space reduction actions
for execution, the actions based on the recorded
capacity and performance change data; and

a selection module to on-demand, execute at least one

action on the produced subset of optimal space

reduction actions on a corresponding volume 1n the

storage pool 1n the first state, the execution selec-

tively converting one or more non-compressed vol-

umes 1n the storage pool to a second state, wherein

the second state 1s selected from the group consisting,

of: compressed and thinned.

14. The system of claim 13, further comprising the tool to
periodically evaluate storage volume and storage perfor-
mance measurements as a background process.

15. The system of claim 13, further comprising the tool to
predict a storage threshold violation, including storage pool
and time until threshold violation.

16. The system of claim 15, wherein the storage threshold
violation prediction includes a time estimate of storage pool
capacity, and wherein the estimate 1s on a basis selected
from the group consisting of volume, cluster of volumes,
and storage pool.

17. The system of claim 13, further comprising the tool to
infer capacity saving and performance degradation for a
non-selected volume 1n the pool, wherein the inference 1s
based on the measurements from the selected volume.

18. The system of claim 13, further comprising the tool to:

predict a change 1n space saving since a prior measure-

ment, the prediction employing an I/0O access pattern
observed for each volume; and

periodically update the measurements, including 1nvali-

dating any prior measurement data.
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